It is now accepted that the physical forces in ultrasonic cleaning are due to strongly pulsating bubbles driven by the sound field. Here we have a detailed look at bubble induced cleaning flow by analyzing the transport of an individual particle near an expanding and collapsing bubble. The induced particulate transport is compared with a force balance model. We find two important properties of the flow which explain why bubbles are effectively cleaning: During bubble expansion a strong shear layer loosens the particle from the surface through particle spinning and secondly an unsteady boundary layer generates an attractive force, thus collecting the contamination in the bubble's close proximity.
Introduction.-Ultrasound water baths are commonly used for the cleaning of surgical instruments, jewelry, and silicon wafers in the chip industry. This physical cleaning is caused by bubbles driven into strong oscillations [1] . In particular for the increasingly delicate structures on modern computer chips and memory devices, ultrasound cleaning is facing its limitation due to the potential damage it can cause to small and fragile structures [2] . Therefore, the current trend to develop smaller computer chip structures-and consequently remove even smaller dirt particles-demands a deeper knowledge of how bubbles cause the displacement and transport of solid particles attached to a substrate. Although the link between oscillating bubbles and successful cleaning is established, very little is known about how bubbles interact with particulate contamination and why their flow is so effective for cleaning. Prior studies conducted with a bubble oscillating at some distance from the boundary revealed the importance of the jetting flow [3] . This jet leads to a rapid boundary layer flow with very high wall shear stress [4] . Recently, Kim et al. [5] observed that an oscillating and translating bubble along a surface attracts particles which remain in close proximity. This study suggested that a jet flow is not necessarily needed to cause particle detachment. In the present experimental and numerical study we reveal three important ingredients for effective surface cleaning from spherical or hemispherical bubble dynamics: particle detachment, particle ejection, and capture. All of these features are robustly explained using force balance models while accounting for the unsteady boundary layer flow. Bubbles in ultrasonic cleaning occur seemingly randomly on a surface and they are microscopically small while moving fast along the surface [6] ; thus they are difficult to capture and analyze in great detail. The trick in our experiment is the use of an up-sized cleaning bubble with % 50 m in radius created on demand near particles with diameters from d ¼ 2 to 10 m.
Experimental setup.-To generate these small oscillating bubbles we vaporize locally the liquid with a pulsed laser beam from a frequency doubled Nd:YAG laser (wavelength 532 nm, pulse duration 6.5 ns, Orion, NWR), which is focused with a 20Â microscope objective of an inverted microscope (Olympus, IX71). To generate bubbles of 50-60 m in maximum radius, we use linear absorption of the laser light in an aqueous solution (Maxtec, yellow printer ink, viscosity ¼ 1:6 cP at 25 C, density is 996 kg=m 3 ) and additionally confined the bubble dynamics within a thin liquid gap of % 80 m in height.
Polystyrene latex particles of 10, 4.5, and 2 m in diameter (Duke Scientific, USA) serve as a model for particulate contamination. To attach the particles to a glass substrate (microscope slide) they are mildly heated to 60 C for 30 min. Thereby the surface in contact with the glass substrate melts, leading to an increased area of contact. We found that this procedure effectively hinders the Brownian motion which we attribute to an increase of the van der Waal's forces. To investigate if particles perform a rolling motion, we deposited a thin layer of gold with physical vapor deposition on top of 10 m particles. These particles are not heat bonded to the surface as the additional weight from the gold reduces Brownian motion. A high-speed camera (SA1.1, Photron) records the dynamics from the camera port of the microscope [7] .
Results and discussion. -Figures 1(a) -1(c) present the rapid expansion and shrinkage of the bubble and the translation of a 10 m particle for different distances from the bubble using consecutive 12 frames at 540 000 frames=s, respectively. Each of these frame stacks show the expansion and collapse of a stripe of the bubble on their left side and the position of the particle on their right side. The particle comes to rest after the collapse of the bubble; i.e., there is no residual flow remaining. We find that the particle displacement Áx 0 depends on the initial distance between the particle and the bubble 0 , namely, repulsion,
week ending 12 AUGUST 2011 0031-9007=11=107 (7)=074503 (4) 074503-1 Ó 2011 American Physical Society neutral motion, and attraction; see Figs. 1(a)-1(c), respectively. We have taken many high-speed recordings for particle distances 0 , ranging from 110 m down to % 10 m in steps of 10 m for particles with diameters d p of 2, 4.5, and 10 m. Additionally we used half-coated 10 m diameter particles to study the rolling motion (see below). Therefore, a 240 nm layer of gold is deposited to create particles being half opaque and half transparent. We estimate the moment of inertia to increase by 46% as compared to the uncoated particle. To assess the repeatability all experiments are conducted 5 times. A summary of the results is given in Fig. 2 . The inset shows the displacement Áx 0 for all 4 particle types with the respective error bars derived from the standard deviation. The underlying trend is that particles are pushed farther away the closer they are located to the bubble, and at an intermediate distance experience attraction towards the bubble which slowly decays for large distances.
This result is surprisingly robust; the experimental data points shape a single curve once we nondimensionalize the distance ¼ 0 =R max and the displacement Áx ¼ Áx 0 =d p , see Fig. 2 . There we have labeled two intervals, one with positive displacement as rejection and the second with negative displacement as attraction. Between these two intervals at % 0:7 a stable equilibrium position is found. Although the length of the interval of 0.7 with repulsion is comparable with the interval of attraction, i.e., 0:7 < < 3:7, the area of attraction is about 25 times larger than the area of repulsion. Thus, overall many more particles will be attracted towards the bubble than repelled from it. And after many oscillations a particle attracted towards the bubble will end up at the stable equilibrium position, i.e., at % 0:7.
We have verified the stable distance for a single particle; Fig. 3 shows the evolution of the dimensional distance 0 for a single particle of size d ¼ 4:5 m. The particle starts 73 m away from the bubble and moves for each bubble oscillation closer towards the bubble center (R max ¼ 51 m as average diameter). After 16 oscillations the particle remains at a distance of around 33 m or % 0:7. To test if this behavior is also observed for many particles, we increased the particle concentration and repeated the experiment. The resulting configuration of particles after 400 laser induced bubbles starting from a random distribution is depicted in the inset of Fig. 3(b) . Here, the bubbles are created at a repetition rate of 1 Hz. Some snapshots of the temporal evolution leading to the pattern are presented in Fig. 3(b) . Particles farther away from the bubble's center are depicted in focus; however, some particles on the annular ring are imaged out of focus indicating a motion perpendicular to the substrate. We attribute this out-of-plane motion to the particle-particle interaction due to the high concentration. Yet, the dynamics of particles at higher concentrations seem to be very similar to that of a single particle: they are attracted towards the bubble center, yet only up to a distance of % 0:7R max .
Force balance model.-We model the particle using a standard decomposition [8] of the force and Newton's second law:
where and p are the liquid and particle density, respectively, U p is the particle velocity, U l is the liquid velocity, and U R ¼ U p À U l is the relative velocity between the particle and the liquid. C A ¼ 0:8 is the added mass coefficient since the particle is in contact with a solid surface [9] . The viscous drag is taken into account using a Re number dependent drag coefficient C d ¼ 24=Reð1 þ 0:15Re 0:667 Þ; see [8] . The Re ¼ Ud= number states the ratio of inertial to viscous forces where U is the characteristic speed, d the diameter of the particle, and the kinematic viscosity. The drag law is only valid far from boundaries, yet for simplicity and lack of a drag law for an unsteady flow we use this drag law with the velocity U ¼ jU R j evaluated at the particle's center as a first approximation. The flow forcing the particle is created far from the boundary; it is driven by the bubble oscillation. From conservation of mass this velocity drops quadratically with distance r from the bubble center, i.e., U 1 ðr; tÞ ¼ R 2 r À2 _ R, where _ R is the velocity of the bubble wall. Since the particle is in contact with the no-slip boundary, it will not experience the free stream velocity but the velocity U l ðz ¼ d=2; r; tÞ. We will first model the particle attraction region and then the particle dynamics for very close distances from the bubble center.
Particle attraction regime.-For a laminar planar flow with an arbitrary time dependence of the imposed flow, U 1 ðr; tÞ, the boundary layer flow may be calculated from Duhamel's integral solution [10] . This approach is only valid when the boundary layer thickness is much smaller than the curvature of the flow which is valid for sufficiently large distances from the bubble center.
We compare the solution from the force balance model obtained with a solver of the ordinary differential equation, Eq. (1), with the experimental data for particles of d p ¼ 2 m. The solver demands sufficiently smooth time derivatives of the bubble radius which are obtained from cubic splines through the data points. Figure 4 (a) compares the simulated particle trajectories excluding (dashed lines) and including the boundary layer (solid lines) with the measured positions (circles) for a 2 m diameter particle. Two important findings can be drawn from Fig. 4(a) : First, the boundary layer reduces the amplitude of the particle motion greatly. Second, theory and experiment agree reasonably considering the coarse approximation of the drag law. The largest differences between model and experiments are found for the particles closer to the bubble, which may be due to the planar flow field assumption. A few snapshots of the boundary layer profile are presented in Fig. 4(b) . This figure demonstrates that the velocity the particle experiences not only is much lower than the driving velocity but can also be out of phase with the outer flow. This phase lag between the outer flow and boundary layer leads to a larger drag of the particle during the collapse as compared to the expansion of the bubble, even if the velocity oscillation is symmetric. Figure 2 (c) compares the resulting particle displacement for 2, 4.5, and 10 m particles (filled symbols) using the unsteady boundary layer, Eq. (2), and without it (open symbols). Although, the displacement is about 2 times smaller than the experimental finding, we find a consistent attraction of particles used in the study, which is absent or even repulsive when ignoring the boundary layer.
Particle rejection regime.-Consider a particle located at a position r p ðtÞ from the bubble center which is moving without slip, i.e., has been already accelerated to the liquid velocity. This may be caused by acoustic transient emitted during bubble generation or during prior bubble collapse (in the case of a steady bubble oscillation) or the particle may have been accelerated by the passing gas-liquid interface. Then, the particle ejection for < 0:3 can be explained with the rapid deceleration of the flow while the particle's inertia can sustain a velocity larger than the bubble induced flow field, U 1 ðr p ; tÞ. From this moment the bubble hardly affects the particle motion as its velocity drops with r À2 p , while the particle's motion becomes ballistic. Only viscous dissipation brings the particle to rest. To determine the regime of the ballistic ejection we consider a particle at position r p , which moves without slip, and initially ignore viscosity. Hence, the local particle's acceleration has to be larger than the liquid acceleration; i.e., € r p ¼ k 1 Du l =Dt > Du l =Dt, where
À1 . For most particles 0 < k 1 < 1; therefore, the inequality leads to the condition that Du l =Dt < 0. Inserting the flow field we obtain the expression that € R > _ R=R½2 À ðR=r p Þ 3 . For a Rayleigh bubble the acceleration is € R ¼ À1=Rðp 1 = þ 3=2 _ R 2 Þ and the relation _ R 2 ¼ 2=3p 1 =½ðR max =RÞ 3 À 1 holds. Inserting both expressions we obtain the simple rule that ballistic motion is obtained for particles at time t ¼ t 0 within a distance r p ðt 0 Þ < 2 ð1=3Þ Rðt 0 Þ % 1:26Rðt 0 Þ. The final particle displacement can be obtained from the analytic solution of the particle's equation of motion, i.e., € r p þ k 2 _ r 5=3 ¼ 0, which is valid for high Reynolds number only. Then the particle's displacement is r p ðt ! 1Þ ¼ 3 _ r p ðt 0 Þ 1=3 =k 2 , where k 2 is a constant which depends on the fluid and particle properties. This displacement is plotted for < 0:25 for three different particles in Fig. 2(b) , which is in surprisingly good agreement with the experiment considering the simplifications.
Particle rotation.-In addition to the particle attraction and the rapid ejection, we observed a third feature of bubble-particle interaction: the rapid rotation of the particle. To study the rotation 10 m diameter polystyrene particles were gold coated on one half. At rest the particles sit due to unequal mass distribution with their gold layer in contact with the surface; the particle appears black as shown in the particle marked with 1 in Fig. 1(a) . When the bubble expands the particle becomes bright at the right half and dark at its left half; see circle 2 in Fig. 1(a) . This is due to an % 90 rotation. After the bubble has collapsed the particle remains at a rotation of 270 . For the direction of rotation, keep in mind that the particle is photographed from below the substrate. We find only particles very close to the bubble up to a distance of 0:5R max spinning. Figure 1 (a) depicts a particle rotating within 1:85 s by % 90 ; thus, it experiences an averaged radial acceleration % 4:6 Â 10 11 s À2 or an angular speed of ! % 8:4 Â 10 5 s À1 which is about 135 000 rotations per second. This rapid rotation stops abruptly when the bubble reaches maximum size. We now compare this very high rotation rate with the prediction for linear shear flow. O'Neill [11] obtained an exact expression for the torque or couple in the Stokes flow regime of ¼ ud 2 p g, where u is the velocity at the particle center and g % 0:944 is an analytical constant. This torque spins the particle with moment of inertia I into rotary motion. For an estimate, we assume a constant torque for the duration of the first frame of Át ¼ 1:85 s, while the liquid velocity u can be estimated from the motion of the bubble interface, which is about 18 m=s. With the knowledge of the moment of inertia, I ¼ 1:58 Â 10 À23 m 2 kg, of the composite particle we can estimate the theoretical angular velocity of ! ¼ Át=I ¼ 6:3 Â 10 5 s, thus of the same order of magnitude as measured. The bubble experiences considerable torque, which is important to break adhesive bonds in case it is attached to the surface before it can be dragged by the flow.
Summary.-We find three dynamic features of bubbleparticle interaction which may explain why bubbles are so effective in cleaning surfaces. First, the bubble can create large torque even for small particles due to high velocity gradients. Second, particles sufficiently close to the bubble center may detach and become ballistic; i.e., their trajectory is no longer influenced by the flow field of the bubble. Finally, particles farther away become attracted towards the bubble center and after many oscillations become trapped at a distance of % 0:7R max . We explain the attraction with the unsteady boundary layer flow induced by the expanding and collapsing bubble.
